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ABSTRACT 
Learning from the anatomy of leaves, a new approach to bio-inspired passive 
evaporative cooling is presented that utilizes the temperature-responsive properties of 
PNIPAm hydrogels. Specifically, an experimental evaporation rate from the polymer, 
PNIPAm, is determined within an environmental chamber, which is programmed to 
simulate temperature and humidity conditions common in Phoenix, Arizona in the 
summer. This evaporation rate is then used to determine the theoretical heat transfer 
through a layer of PNIPAm that is attached to an exterior wall of a building within a 
ventilated cavity in Phoenix. The evaporation of water to the air gap from the polymer 
layer absorbs heat that could otherwise be conducted to the interior space of the building 
and then dispels it as a vapor away from the building. The results indicate that the 
addition of the PNIPAm layer removes all heat radiated from the exterior cladding, 
indicating that it could significantly reduce the demand for air conditioning at the interior 
side of the wall to which it is attached. 
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1. INTRODUCTION 
The thermal performance of the building envelope plays a large role in the cost of 
maintaining a comfortable temperature indoors. The walls and roof of a building are 
typically responsible for 14% and 21%, respectively, of the heat gained through the 
building envelope, demonstrating the significance of their thermal performance in the 
cost of utilities (U.S. DOE, 2015). Typically, a building engineer will select exterior wall 
and roof materials with the highest R-value that is feasible for the budget, insulating the 
treated indoor air from the outdoor conditions throughout the year. Nevertheless, a highly 
insulated building can be very expensive and does not necessarily optimize the energy 
performance when outdoor conditions are comparable to the desired indoor conditions. 
Consequently, dynamic insulation, such as phase change materials (PCM), is gaining 
popularity due to its ability to passively prevent heat gain when it’s the most undesirable 
for efficiently maintaining a comfortable indoor temperature (Sadineni, Madala, & 
Boehm, 2011).  
In this study, a temperature-responsive polymer is analyzed as a form of dynamic 
insulation that utilizes the evaporation of water to remove heat gain from a theoretical 
building according to climatic conditions. Specifically, the polymer used, poly(N-
isopropylacrylamide) (PNIPAm), responds to temperatures above 32°C (90°F) by 
“sweating” or “transpiring,” thereby providing water at its surface for evaporation in high 
ambient temperatures and retaining water otherwise (Nguyen et al., 2015). This inherent 
material property makes PNIPAm a desirable candidate for passive cooling because it can 
regulate the evaporation of water according to its temperature in an appropriate range for 
human comfort, thus producing a timely cooling effect.  
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In this study, a literature review is first conducted to categorize prior studies 
regarding the need for sustainable space cooling technologies and existing passive, 
evaporative cooling systems and methods. The chemical and material properties of 
PNIPAm are then reviewed and previous research regarding its capability to offset energy 
consumption in buildings via evaporative cooling is examined. The synthesis of the 
polymer samples is then explained, followed by a description of the experimental 
analysis of their evaporation rate in varying simulated weather conditions. The 
experimental evaporation rate from the polymer is then used to calculate the cooling 
effect provided by the evaporation within a ventilated cavity on a theoretical exterior 
wall. 
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2. LITERATURE REVIEW 
  The following literature review observes examples and technical details of 
systems and materials that have inspired this experimental research. All journal articles 
are peer-reviewed and were found using the Arizona State University library database, 
along with all book sections. Key search terms included “cooling energy,” “passive 
evaporative cooling,” “ventilated building cavity,” and “PNIPAm hydrogels.”  
 
2.1 The Need for Sustainable Space Cooling 
Since its modification for home and commercial use in the 1940’s, electric air 
conditioning (AC) has become commonplace in homes around the world (Lester, 2015). 
Currently, AC consumes about 4% of the final energy used worldwide per year and its 
contribution to global energy consumption is on the rise (Davis & Gertler, 2015; IEA, 
2013). As more people move into urban areas, the effects of climate change and the urban 
heat island effect (UHI) are expected to increase; meanwhile, global income and 
population size are growing, particularly in warm climates (Mohajerani, Bakaric, & 
Jeffrey-bailey, 2017; EIA, 2017; Mackun et al., 2011). Consequently, the demand for 
space cooling worldwide is expected to triple between 2010 and 2050 as it continues to 
gain popularity in both developed and developing countries (IEA, 2013; Isaac & Vuuren, 
2009; Waite et al., 2017).  
 In the U.S., where 87% of homes have some kind of air conditioning system and 
commercial buildings tend to over-cool indoor spaces, peaks in energy consumption of 
up to 67 billion kWh occur seasonally (EIA, 2013, 2017b). In the last 50 years, the 
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average size of a single family home in the U.S. has increased by about 1,000 square feet 
and currently, nearly half of the utility costs of an average American home are being 
spent on space conditioning (Barkenbus, 2013; DOC, 2016). If these trends continue, 
reducing the peak cooling load in buildings in the summer could prevent radical 
expansion of infrastructure for power production in the future (Reyna & Chester, 2017).  
Additionally, a higher demand for space cooling is caused by using conventional 
AC systems themselves. In a theoretical study in Phoenix, Arizona, the waste heat 
rejected from AC systems was shown to increase the local mean nighttime air 
temperature by 1-1.5°C, escalating the local urban heat island effect and thus the use of 
more AC to compensate (Salamanca et al., 2014). It’s estimated that with every 1°F 
increase in outdoor temperature, the demand for space cooling increases 1.5-2% (EPA, 
2008b). This means that as the population moves into more cities in warmer locations, the 
thermal storage of building materials and the production of anthropogenic heat will lead 
to higher consumption of AC, creating a positive feedback loop of cooling demand and 
temperature increase (Santamouris et al., 2017; Zhou, Eom, & Clarke, 2013).  
 Fortunately, according to the U.S. Energy Information Administration (EIA), the 
adoption of efficient space cooling methods could actually decrease the overall electricity 
consumption due to space conditioning in the U.S. by 2040, which highlights the need for 
their development (EIA, 2017a). The increased use of more energy-efficient cooling 
technologies could also reduce the amount of greenhouse gases released into the 
atmosphere; in fact, 700 million metric tons of CO2 are produced each year by the 
combination of electricity and refrigerant consumption in AC systems (Goetzler et al., 
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2016). Additionally, the use phase of the building envelope is the most energy intensive, 
thus reducing the cooling load in buildings located in warm environments could have a 
large impact on overall building energy consumption in the U.S. (Azari, 2014). 
   
2.2 Passive Methods of Evaporative Cooling 
 Some methods of passive cooling have been used since ancient times, however 
their ability to pinpoint a specific temperature range indoors is often unreliable. As a 
result, passive cooling techniques are typically used in combination with conventional 
AC in modern buildings, ultimately reducing the peak cooling load on the mechanical 
system and thus the cost of utilities (Givoni, 2011). In an overview of passive cooling 
methods using water, such as ponds and spray systems, Santamouris et al. concluded that 
on average these passive evaporative cooling methods could decrease the peak outdoor 
temperature of the city by 2 K, offsetting the local urban heat island effect where they 
were implemented and reducing the cooling load indoors (Santamouris et al., 2017). 
Historically, direct evaporative cooling (DEC) has been used to reduce the 
temperature in both indoor and outdoor spaces with standing pools, roof ponds, and 
ceramic basins (Givoni, 2011). Water has a high specific heat capacity compared to other 
materials, meaning it absorbs a large amount of sensible heat (heat that raises a 
substance’s temperature) without increasing its own temperature as much as other 
substances. When water begins to boil, it has already absorbed a significant amount of 
sensible heat to reach 100°C, then it begins to absorb latent heat to convert from a liquid 
state to a vapor. Water also has a high heat of vaporization, which is the amount of latent 
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heat required to convert one gram of liquid to gas at a constant temperature (Kreider, 
Curtiss, & Rabl, 2010). Therefore, the evaporation of water can reduce the temperature of 
the surrounding air and surfaces, which has been utilized as a method of cooling 
buildings for centuries. 
In DEC systems, evaporation reduces the temperature of air in direct contact with  
water, whether in a pool or a saturated medium such as aspen fiber or other absorptive 
materials (ASHRAE, 2012). Sometimes, the use of a small amount of mechanical energy 
can boost the efficiency of an evaporative cooling system; for example, the use of fans in 
swamp coolers and cooling towers provide DEC with the added cooling effect of moving 
air, as well as an increased evaporation rate from the DEC medium (Amer, Boukhanouf, 
& Ibrahim, 2015). For example, roof spray systems, which saturate the roof surface with 
a timed sprinkler system, can reduce the cooling load by 2-4 Btu/hr-ft2 (40-50%) in an 
arid climate (Kreider et al., 2010). Overall in arid climates, DEC can require up to 70% 
less energy to operate than a conventional AC system (ASHRAE, 2012) 
Evaporation from nearby vegetation can also passively create significant 
reductions in cooling energy consumption. For instance, Middel et al. (2015) revealed 
that increasing the tree canopy in residential areas of Phoenix, Arizona from 10% to 20% 
could reduce local outdoor temperature by 2°F (Middel, Chhetri, & Quay, 2015). 
Similarly, the addition of plant cover on a roof, i.e. a “green roof,” can reduce heat gain 
through the evaporation of water during transpiration, shading, and the insulating effect 
created by the soil and plant matter (Chang, Rivera, & Wanielista, 2011; EPA, 2008a). 
However, these methods can require a lot of water and maintenance in arid climates and 
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they can be very heavy, causing the cost of building construction to rise due to the 
required increase in structural strength. 
As a low maintenance option, the addition of ventilated cavities to exterior walls 
and roofs has proven to passively reduce the indoor temperature in several studies in 
various climates (John & Finch, 2009). Typically, an exterior wall is subjected to heat 
gain from solar radiation during the day, which is then partially conducted through the 
exterior wall into the interior space, where the AC system is then required to remove it. 
Whether utilizing natural convection or forced convection via fans, the air gap between a 
cladding and an exterior surface deflects this conduction to the indoors by shading the 
exterior wall and providing ventilation for the heat that is absorbed by the cladding within 
the air gap, ultimately reducing the heat that must be removed by the AC system indoors 
(Agathokleous & Kalogirou, 2016). Accordingly, cavity walls have shown the ability to 
reduce typical summer cooling energy use by 40% (Sadineni et al., 2011). In the 
following study, the addition of an experimental evaporative cooling medium to a 
ventilated cavity on an exterior wall is analyzed for its ability to reduce the cooling load 
indoors in a theoretical building. 
  
2.3 Smart Materials for Passive Evaporative Cooling 
 In general, “smart materials” respond to environmental stimuli such as 
temperature, pH levels, electricity, and light by changing shape or phase due to inherent 
physical properties (Kim et al., 2016). Passive smart materials can change shape and size 
without the use of any energy, therefore they are very useful in the development of 
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modern passive cooling systems (Mohamed & Elattar, 2013). For example, smart shading 
structures that deploy in the hot parts of the day and retract when they aren’t needed have 
been developed with passive smart materials, allowing daylight to enter only when it 
won’t overheat the indoor space (Al-Obaidi et al., 2017; Mohamed & Elattar, 2013).  
Another example is phase change materials (PCM), which act as dynamic 
insulation that can passively reduce AC consumption by absorbing daytime heat through 
liquification of an embedded temperature-responsive material (Sadineni et al., 2011). For 
instance, in cool roof applications, PCM has displayed a surface temperature reduction of 
6.4°C in the summer in Seoul (Yang et al., 2017). Nevertheless, PCM is very expensive 
($1,700 - $1,800 per cubic meter) and thus cannot be used in large scale applications 
without a very large budget (Cui et al., 2016). 
Another form of dynamic insulation is temperature-responsive hydrogels, which 
have shown the ability to provide self-cooling capabilities when applied to building 
surfaces in prior studies for a fraction of the cost ($370 per cubic meter) (Cui et al., 2016; 
Rotzetter et al., 2012). As “smart” polymers, these hydrogels hold the intrinsic capability 
to saturate and desaturate with water according to environmental stimuli, providing an 
evaporative cooling effect in high temperatures and retaining water otherwise (Chang, 
Zhang, & Sun, 2017). In particular, poly(N-isopropylacrylamide) (PNIPAm) has been 
proven to exhibit temperature-responsive capabilities that resemble characteristics of 
biological cooling systems, proving its applicability in many nature-driven cooling 
applications (Chang et al., 2017). In application to buildings, PNIPAm has been 
evaluated as a coating for “smart” windows and as a “sweating skin” on the roof surface, 
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thus reducing solar heat gain through evaporation (Cui et al., 2016; Kim et al., 2015; 
Rotzetter et al., 2012; Zhou et al., 2014).  
 
2.4 Physical Properties of PNIPAm Hydrogels  
PNIPAm hydrogels are usually comprised of four elements: the monomer, a 
cross-linker, an initiator, and a polymerization catalyst. In many previous studies, the 
monomer used is N-isopropylacrylamide (NIPAm), with cross-linker N,N-
methylenebisacryalmide (BIS), which covalently bonds to the polymer chains to form the 
pore spaces within the hydrogel (Sun et al., 2012). The initiator used is often ammonium 
persulfate (APS), which polymerizes the monomer and the cross-linker when the catalyst, 
N,N,N’,N’- tetramethylethylenediamine (TEMED), is added to the solution (Sun et al., 
2012).  
The key to the temperature responsive behavior of PNIPAm hydrogels is their 
innate phase transition at the lower critical solution temperature (LCST). The LCST is the 
temperature at which a hydrogel undergoes a phase transition, thus responding to the 
temperature change by changing molecular structure. In general, PNIPAm is hydrophilic 
(water-loving) at lower temperatures and hydrophobic (water-rejecting) at higher 
temperatures (Nigro et al., 2017). When the temperature of the environment surrounding 
a PNIPAm hydrogel is elevated above its LCST, hydrogen bonding within the gel is 
weakened and bonds between hydrophobic groups within the molecular structure become 
stronger (Haq, Su, & Wang, 2017). The strengthened bonds between the hydrophobic 
groups incite a coil-to-globule transition of the molecular structure, causing it to collapse 
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and thus force the water within the hydrogel to the surface, where it can then evaporate to 
the surrounding air (Lee, Jean, & Menelle, 1999). This temperature can vary amongst 
PNIPAm gels by up 8°C according to cross-linker concentration, environmental 
conditions, and age; however, the typical LCST of PNIPAm is reportedly ~32°C (90°F), 
which is an appropriate temperature for many evaporative cooling applications (S. Cui et 
al., 2014; Gómez-Galván & Mercado-Uribe, 2014)  
PNIPAm hydrogels tend to be fairly brittle and the mechanical strength of their 
structure varies depending on many factors. The stability of the polymer network 
structure is reportedly improved by increasing the amount of cross-linker within the 
hydrogel (Dogu & Okay, 2005). Additionally, the temperature at which the PNIPAm gel 
is polymerized affects its mechanical strength and a stronger gel can be formed at low 
temperatures (Haq et al., 2017). The co-polymerization of another polymer within the 
PNIPAm network can also result in a stronger gel. For instance, the increased cyclability 
of the DN PNIPAm gel displayed in the research conducted by Cui et al. (2016) was 
achieved by combining cross-links of weak and strong interactions from alginate and 
PNIPAm, resulting in a gel that is stronger than either gel on its own.  
Typically, a hydrogel is defined as a polymer with more than 50% of its weight 
attributed to water (Tanaka, Gong, & Osada, 2005). The PNIPAm hydrogel examined, in 
particular, exhibits a swelling ratio of over 90%, making it a good candidate for 
evaporative cooling applications due to its high affinity for water (Rotzetter et al., 2012). 
In comparison to some other hydrogels, PNIPAm has a low rate of swelling and 
deswelling, which has been altered through the addition of other materials for certain 
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applications in which a rapid change in polymer structure is desirable (Liu et al., 2017; Yi 
et al., 2011). However, the slow release of water from the surface of PNIPAm could be a 
benefit for passive cooling of buildings, prolonging the evaporation of water under 
certain climatic conditions.  
 
2.5 PNIPAm as an Evaporative Cooling Medium 
A couple previous studies have examined the performance of PNIPAm as an 
evaporative cooling medium for buildings as a roof coating. In an experiment conducted 
by Rotzetter et al. (2012), two hydrogels, pHEMA and PNIPAm, were synthesized and 
placed on the surface of the roof of a model house under a heat lamp. With a simulated 
irradiance of 600 W/m2, the PNIPAm-coated roof displayed a temperature reduction of 
about 15°C compared to the pHEMA roof, and 25°C compared to a reference surface 
(Rotzetter et al., 2012). Additionally, the PNIPAm gel displayed a homogenous loss of 
water throughout its thickness and a more controlled evaporation rate when compared to 
the pHEMA gel, thus lending a higher cooling capacity to the model house. Accordingly, 
Huang et al. (2017) showed that when suspended in solution, PNIPAm has a lower 
evaporation ratio than that of pHEMA below the LCST and a higher evaporation rate 
than that of pHEMA above the LCST, signifying its superior control over the evaporation 
rate according to temperature (Huang et al., 2017). This useful characteristic of the gel 
can theoretically provide a 60% reduction in energy required for AC (Rotzetter et al., 
2012).  
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In a later study conducted by Cui et al. (2016), the incorporation of a second 
monomer in the synthesis of a PNIPAm hydrogel was tested for its ability to improve the 
cooling performance of the gel. The second monomer, alginate, was synthesized with 
acrylamide to create a double-network (DN) gel with superior mechanical strength when 
compared to a single-network PNIPAm gel. After 50 cycles of saturation and evaporation 
on the roof of a model home under 700-800 W/m2 of simulated irradiance, the Young’s 
modulus of the DN gel remained nearly the same in both its hydrated and dehydrated 
states (Cui et al., 2016). A 93% rejection of solar radiation and a 47% reduction in energy 
used for AC was calculated from the DN gel for a house in California (Cui et al., 2016). 
The double-network gel would cost $370/m3 and require 1.4 m3 of water for 100 m2 of 
roof area (Cui et al., 2016).  
In both of these studies, the PNIPAm hydrogels were exposed to direct solar 
radiation when utilized as a coating on the roof, likely causing excessive water loss from 
the polymer layer. The microporous structure of hydrogels has been compared to that of 
leaves, enhancing the evaporation rate of water from their surfaces and creating suction 
within the material that resembles the wicking effect that occurs during transpiration (S. 
J. Lee, Kim, & Ahn, 2015). Due to the evaporative cooling effect of transpiration, 
amongst other adaptations, leaves can regulate their internal temperature in response to 
the weather (Leigh et al., 2017; Monteiro et al., 2016). In warm climates, it’s common for 
plants to transpire mainly from the underside of their leaves, eliminating excess water 
loss from increased transpiration rates under direct solar radiation. Thus, in this study the 
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PNIPAm layer is placed within a ventilated cavity to determine the cooling effect that 
could be provided without direct solar radiation. 
Furthermore, neither of these prior studies examined the performance of PNIPAm 
as an evaporative cooling medium in an arid climate. Although there is little research 
investigating the specific effects of humidity and temperature levels on the evaporation of 
water from PNIPAm hydrogels, the results of a few studies suggest that it does make a 
difference. For example, Chhabra et al. demonstrated that the contact angle of water 
droplets on the surface of PNIPAm gels decreases with increasing humidity and increases 
with increasing temperature, indicating that the gel is more hydrophilic at lower 
temperatures and higher humidity levels (Chhabra et al., 2013). In a study conducted by 
Cui et al., the heat transfer coefficient of a PNIPAm hydrogel displayed a reduction of 
about 0.5% with every 1% increase in relative humidity between 30% and 90% (Cui et 
al., 2014). In an arid climate, it is unclear how the evaporation rate of water from a 
PNIPAm hydrogel would vary with temperature and humidity ratio, thus the following 
experimental study is designed to examine it.  
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3. EXPERIMENTAL STUDY 
In this study, an experimental evaporation rate is determined using an 
environmental chamber calibrated to simulate environmental conditions found in 
Phoenix, AZ in the summer. The results are then applied to a mathematical model of heat 
transfer within the ventilated cavity and used to calculate the theoretical reduction in the 
cooling demand indoors. The following section describes the synthesis of the PNIPAm 
samples and the experimental procedure for determining the evaporation rate from the 
polymer within the environmental chamber. 
 
3.1 Preparation of PNIPAm Samples 
 In the previous experiments investigated, the single-network PNIPAm gel tested 
by Cui et al. differed from the one tested by Rotzetter et al. in its formula and displayed a 
polymer network breakdown after only 3 cycles. The gel tested by Rotzetter et al., on the 
other hand, displayed a comparable swelling ratio (SR) to the first cycle after 7 cycles; 
thus, the formula for the single-network PNIPAm gel tested by Rotzetter et al. was used 
to create these samples. A double-network hydrogel was out of the scope of this 
experimental study; however, the evaporation rate from such a polymer structure should 
be determined in future studies to evaluate its potential as an evaporative cooling 
medium.  
Initially, four 1” x 1” x ¼” swollen PNIPAm mats were prepared at room 
temperature using individual chemical compounds from Sigma-Aldrich, ordered by and 
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synthesized in the School for Engineering of Matter, Transport, and Energy at Arizona 
State University (Table 1).  
 
Table 1: PNIPAm mat constituents ordered from Sigma Aldrich 
Product Manufacturer Part Number 
N-isopropylacrylamide, 97% Aldrich 415324 
N,N’-methylenebisacrylamide, 99% SIAL 146072 
Ammonium persulfate, reagent grade, 98% SIGALD 215589 
TEMED, 25mL SIGMA GE17-1312-01 
 
The monomer, N-isopropylacrylamide (NIPAm), was cross-linked with N-N’-
methylenebisacrylamide (BIS) to form the polymer chain, using ammonium persulfate 
(APS) as the initiator and TEMED as the accelerator for the polymer synthesis, as 
described in several examples of literature (Dogu & Okay, 2005; Gómez-Galván & 
Mercado-Uribe, 2014; Haq et al., 2017; Rotzetter et al., 2012). According to the formula 
presented by Rotzetter et al., the amount of each constituent used for each 1” x 1” x ¼” 
swollen PNIPAm mat was measured as follows: 2 g of poly(N-isopropylacrylamide) 
(PNIPAm), 0.1 g of N,N’-methylenebisacrylamide (BIS), 0.025g of ammonium 
persulfate (APS), and 0.025mL of TEMED.  
First, 6mL of DI water was measured in the graduated cylinder and poured into a 
clean sample vial. The NIPAm and BIS were then measured and added to the sample 
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vial. The resulting solution was shaken vigorously for 2 minutes, as directed by Rotzetter 
et al., until the blend appeared to be homogenously mixed (Rotzetter et al., 2012). The 
APS was then added to the solution and the mixture was shaken vigorously for another 2 
minutes until homogenously mixed. Finally, a syringe was used to measure the TEMED, 
which was then injected into the sample vial containing the solution. The mixture was 
then shaken for approximately 5 seconds and poured into the silicone cell. About 5 
seconds after it was poured, the polymer synthesized within the silicone cell and turned 
cloudy white (Figure 1).  
 
 
Figure 1: 1” x 1” x ¼” PNIPAm sample mid-synthesis in silicone cell 
 
When the synthesis was complete, and the gel had cooled to room temperature, 
the gel was removed from the silicone cell and placed in a room temperature DI water 
bath in the plastic container, where it was stored for further experimentation. This process 
was repeated three more times, resulting in four successful swollen PNIPAm mats. The 
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gels remained swollen with DI water at room temperature until they were removed for 
testing. A couple trials of were conducted before the proper procedure was accomplished 
and the careful addition of the accelerator, TEMED, took precedence in the process as the 
timely and homogenous mixing of its miniscule quantity in this formula resulted in an 
even gel mat. 
 
3.2 Experimental Methods 
 The evaporation rate of the DI water from each gel sample was studied in a 
simulated arid climate within an environmental chamber, representative of Phoenix, 
Arizona. Weather data was acquired from the National Solar Radiation Data Base by the 
National Renewable Energy Laboratory (NREL). The Typical Meteorological Year 3 
(TMY3) data for Phoenix was downloaded and analyzed according to NREL 
recommendations (Wilcox & Marion, 2008). The values of temperature and 
corresponding relative humidity were found within the data and chosen for replication in 
an environmental chamber. Specifically, temperatures of 35°C, 40°C, and 45°C were 
chosen with humidity ratios of 0.005, 0.01, and 0.015, resulting in 9 simulated conditions. 
The humidity in the chamber was measured as relative humidity; consequently, the 
humidity ratio for each experiment was calculated by finding the corresponding dew 
point temperature and then using the density of air to determine the ratio of water present 
in the air. The environmental chamber, which is 35” tall with a 25” x 25” base, was used 
to simulate the specified conditions in a controlled environment (Figure 2). A nearly  
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Figure 2: Environmental chamber 
 
constant temperature and humidity level were achieved within the chamber such that the 
time it took for the water to evaporate from the gel samples could be measured in 
constant conditions. Specifically, the temperature and relative humidity within the 
chamber was maintained within 2% of the desired value of relative humidity (%) and 1°F 
of temperature (°F) in all experiments. 
An A&D FX-4000 electronic balance, equipped with a streaming function of 
serial-to-USB data, was placed inside the chamber, which allowed the weight of the 
sample to be recorded each second in a serial data reading software called TWedge 
(Figure 2). The weight loss over time was assumed to be the loss of water over time, 
which was evaporating into the surroundings. The A&D electronic balance was set to 
stream mode, allowing the weight to be recorded multiple times every second. The device 
and interface were calibrated on the laptop and within the software according to A&D 
factory settings and the scale was set to a 2400 baud rate. The readings from the scale 
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were in 0.00 grams and the serial print displayed the time of day such that the data could 
be accurately compared with the temperature and humidity readings. 
Three personal humidifiers by Homedics, controlled by an Arduino Mega 2560 
and an HTU21D-F temperature and humidity sensor by Adafruit, were used to control the 
humidity within the chamber. The humidifiers were powered by removing the on/off 
button and associated wiring and replacing it with leads that were soldered to an Arduino 
Mega 2560 shield. An inverter circuit was built, allowing the Arduino to turn the 
humidifiers on and off according to the readings provided by the Adafruit sensor (Figure 
3). The accuracy of this sensor was unreliable due to the soldered connections; therefore, 
the readings from the LabQuest Mini were used to record the environmental settings 
within the chamber. Thus, the humidifier set-up was only used to provide water vapor to 
the controlled environment in an amount defined by the superior accuracy of the Vernier 
humidity probe. 
  
       
Figure 3: Arduino Mega 2560 shield with inverter circuit and HTU21D-F sensor 
 
A LabQuest Mini with associated Vernier temperature and humidity probes was 
used to monitor the environmental conditions within the chamber over the course of the 
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experiment. The Vernier humidity probe has an accuracy of ±5% and the temperature 
probe has an accuracy of ±0.2°C at 0°C and ±0.5°C at 100°C. Both probes were 
connected to the LabQuest Mini, which was then connected to a laptop with LoggerLite, 
a free software provided by Vernier. The time was recorded in “Time of Day” mode such 
that the data collected could be compared to the weight recorded by the scale in the other 
software (TWedge).  
For each experiment, the first sample was removed from the room temperature DI 
water bath and patted dry with a paper towel. The weight recording was started prior to 
the placement of the sample. When the temperature and humidity were just above the 
desired conditions within the chamber, the door was quickly opened, and the sample was 
placed on the apparatus on top of the scale. The door was quickly closed, and the 
environmental conditions dropped to values closer to the desired values. The first ten 
minutes that the sample was in the chamber were ignored in the data to allow for the 
polymer material to reach the temperature of the chamber. When the sample had been in 
the chamber for 70 minutes, providing 1 hour of usable data, the door was opened, and it 
was removed from the chamber. The data recording from both the sensors and the scale 
were then stopped and saved for further analysis.  
 
3.3 Experimental Results 
 Data collected from each trial was collected and transferred to a spreadsheet in 
Excel. The weight in grams of the sample and the corresponding time, as well as the 
temperature and humidity in the chamber with the corresponding time, were aligned such 
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that the local time recorded matched. Specifically, the data collected from the A&D 
balance contained several recordings per second, thus the duplicates were deleted and the 
first recording per second was saved. The recordings from the LabQuest Mini probes 
reported a reading once each second, thus the data was kept the way it was.  
 The first experiment was run to determine the swelling ratio of the polymer 
formula, which is defined as follows: 
𝑆𝑅 (%) = ௪௘௜௚௛  ௢௙ ௦௔௧௨௥௔௧௘ௗ ௦௔௠௣௟௘ି௪௘௜௚௛  ௢௙ ௗ௥௜௘ௗ ௦௔௠௣௟௘
௪௘௜௚௛௧ ௢௙ ௗ௥௜௘ௗ ௦௔௠௣௟௘
. 
One polymer sample was placed in the environmental chamber for 8 hours, during which 
time it did not fully desaturate but rather was left in the chamber after the experiment to 
fully dry out. The next day, when the sample was fully dried, it was weighed and went 
from 10.4g to 2.3g, making the swelling ratio 354%.  
 Each temperature/humidity ratio examined was tested twice and the results of the 
two experiments were averaged to determine the experimental evaporation rate. 
Specifically, the eighteen evaporation rates were recorded separately, and the data was 
plotted over time for each individual experiment. The evaporation rate for each individual 
experiment was determined by adding a trendline to the data and determining its slope in 
Excel by showing the equation on the scatter plot with 6 decimal places. The rate (or 
slope) from each pair of experiments with matching temperature and humidity ratio were 
averaged and that value was assumed to be the evaporation rate at those environmental 
conditions.  
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Table 2: Results of Each Experiment 
Test T (C)  RH (%) w E (-g/s) 
1 35 19 0.005 0.000318 
2 35 19 0.005 0.000333 
3 35 38 0.01 0.000245 
4 35 38 0.01 0.000257 
5 35 57 0.015 0.000176 
6 35 57 0.015 0.000167 
7 40 15 0.005 0.000386 
8 40 15 0.005 0.00039 
9 40 30 0.01 0.000348 
10 40 30 0.01 0.000302 
11 40 45 0.015 0.000245 
12 40 45 0.015 0.000258 
13 45 12 0.005 0.000504 
14 45 12 0.005 0.000474 
15 45 24 0.01 0.00043 
16 45 24 0.01 0.000442 
17 45 36 0.015 0.000371 
18 45 36 0.015 0.000346 
 
 
Table 3: Average Evaporation Rate of Each Experimental Setting 
T (C)  RH (%) w E (-g/s) 
35 19 0.005 0.000325 
35 38 0.01 0.000251 
35 57 0.015 0.000171 
40 15 0.005 0.000383 
40 30 0.01 0.000324 
40 45 0.015 0.000251 
45 12 0.005 0.000489 
45 24 0.01 0.000436 
45 36 0.015 0.000359 
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Figure 4: Evaporation Rate of Water from PNIPAm at the Three Humidity Ratios 
 
0
0.0001
0.0002
0.0003
0.0004
0.0005
0.0006
30 32 34 36 38 40 42 44 46
Ev
ap
or
at
io
n 
Ra
te
 (g
/s
)
Temperature (C)
Evaporation Rate at Three Humidity Ratios with 
Varying Temperature
w = 0.005
w = 0.01
w = 0.015
 24 
 
 
Figure 5: Evaporation Rate of Water from PNIPAm at the Three Temperatures 
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of the surrounding air, Ta (°C), and the humidity ratio of the surrounding air, w, is as 
follows: 
E (g/s)  =  −0.0002449 +  (0.0000179)( Ta (°C)) – (0.01389)(w) 
 
Table 4: E-observed vs. E-predicted 
E average 
observed 
E average 
predicted 
0.000325 0.00031215 
0.000251 0.0002427 
0.000171 0.00017325 
0.000383 0.00040165 
0.000324 0.0003322 
0.000251 0.00026275 
0.000489 0.00049115 
0.000436 0.0004217 
 
 
 
Figure 6: E-observed vs. E-predicted 
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 The evaporation rate in the first experiment was gathered for an 8-hour period to 
determine the ability of the PNIPAm to remain saturated for a longer period of time 
without simulated solar radiation than with it. Accordingly, the PNIPAm sample 
remained saturated for the duration of the 8-hour period. The evaporation rate decreased 
over time, as shown below. 
 
 
Figure 7: Evaporation rate at 40°C and 15% RH (w = 0.005) over an 8-hour period 
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4. HEAT TRANSFER 
 The evaporation rate determined from the experiments in the previous section is 
used to determine the heat transfer from solar radiation to an interior wall through a 
ventilated cavity with a layer of PNIPAm attached to the exterior wall. The heat gain is 
calculated for a south-facing, vertical wall using the weather conditions found in the 
TMY3 data presented by the National Renewable Energy Laboratory (NREL) for 
Phoenix, AZ.  
 
4.1 Ventilated Cavity Parameters 
The total height of the cladding is assumed to be 30 ft, elevated above the ground 
10 ft, which is representative of a ventilated cavity on a four-story building. The width is 
assumed to be 100 ft. The cavity is composed of a copper cladding attached to an exterior 
wall with a 4” air gap in between. The copper is assumed to be 1/16” thick with an 
absorptance of 0.18 (Holman, 2010). The emissivity of the copper cladding, εc, is 
assumed to be 0.05, which is the emissivity of polished copper at 212°F (Holman, 2010).   
The air gap was chosen to reflect the most efficient width of the gap for 
ventilation as determined by previous analysis of cavity walls, which is equivalent to 
L/20 by rule of thumb (Agathokleous & Kalogirou, 2016). The width used is thus 18” 
with a height, L, of 30 ft. The cavity is assumed to be subject to natural convection, i.e. 
the addition of fans to force convection through the cavity will not be included in this 
analysis. Accordingly, a mass flow rate of 133 kg/h (293 lb/h) is used for the air flowing 
through the air gap, which is based on previous research (Zogou & Stapountzis, 2011). In 
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the study by Zogou and Stapountzis, a similar geometry was used to analyze natural 
convection within a ventilated cavity, which was determined to be laminar flow. 
The PNIPAm layer is assumed to be ¼” thick with an emissivity, εp, of 0.9, which 
is the approximate emissivity of white paint (Holman, 2010). It is assumed to be largely 
composed of water due to its very high swelling ratio, causing it to be a good conductor 
that stores very little heat. Additionally, the temperature of the PNIPAm and the air can 
be considered very close because the heat loss from the polymer layer is mostly via latent 
heat transfer. Therefore, the conduction through the PNIPAm and thus its R-value is 
considered negligible in this analysis. The wall is assumed to be an insulated, wood-
framed wall with an overall R-value of 16 °F•ft2•h/Btu. The cladding is attached to the 
wall with a steel frame, however the thermal bridging from the cladding into the interior 
space of the building is ignored in this analysis for simplification. The main material 
properties used in this analysis are presented in Table 3, below. 
 
Table 5: Properties of the Ventilated Cavity and its Materials 
    Cladding Air PNIPAm Wall 
Height (L) in   360 360 360 360 
Thickness (t) in   0.0625 18 0.25 7 
R-value (R)  hr-F-ft2/Btu --- --- --- 16 
Material --- Copper --- --- Concrete 
Emissivity (ε) --- 0.05 --- 0.9 --- 
Absorptance (α) --- 0.18 --- --- --- 
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4.2 Heat Transfer Equations 
 Without the copper cladding, solar radiation would be absorbed by the exterior 
surface of the wall, where it would be partially transferred to the indoors via conduction 
and partially transferred to the outdoors via free convection to the air. With the addition 
of the cladding, that solar radiation is absorbed by the copper cladding and then 
transferred into the cavity through free convection to the air gap, where it can flow away 
from the building, and through radiation to the opposing parallel surface, which in this 
case is the PNIPAm layer (Figure 8: Heat Transfer Within a Section of the PNIPAm-
Embedded Ventilated Cavity  
Without the PNIPAm layer, the heat that is left to radiate to the opposing parallel 
surface would be absorbed by the exterior wall itself. The heat transfer to the air gap via 
free convection in both configurations removes a large portion of the heat that would 
have been absorbed by the wall, however the addition of the PNIPAm layer removes 
even more heat from being absorbed by it through evaporation. The remaining heat is 
conducted through the wall into the interior space of the building, where the AC system 
removes it to maintain a constant indoor temperature.  
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Figure 8: Heat Transfer Within a Section of the PNIPAm-Embedded Ventilated Cavity 
 
 The heat transfer due to radiation from the copper cladding to the PNIPAm layer, 
Qrad, is equivalent to the heat evaporated from the PNIPAm layer, Qevap, and the heat 
conducted through the wall, Qcond.  
𝑄௖௢௡ௗ = 𝑄௥௔ௗ − 𝑄௘௩௔௣ 
The heat conducted through the wall is equal to the U-value of the wall, Uwall, multipled 
by the temperature difference between the PNIPAm layer, Tp and the indoors, Ti. The 
radiation from the copper cladding is determined using the Stefan-Boltzmann constant, σ, 
which is 5.67 x 10-8 W/m2-K4, the temperature difference between the copper cladding, 
Tc, and the PNIPAm layer, Tp, and the emissivity of each material (Holman, 2010). The 
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heat transferred to the vapor from the PNIPAm layer is equal to the experimental 
evaporation rate at the current air temperature and humidity ratio, E, multiplied by the 
heat of vaporization of water at the same air temperature. The heat of vaporization, hvap, 
was determined using a linear regression of the values for hvap for Ta between 0°C and 
100°C, i.e. ℎ௩௔௣ ቀ
௞௃
௞௚
ቁ = −2.3766𝑇௔ + 2501, where Ta is in °C (Holman, 2010). 
𝑈௪௔௟௟(𝑇௣ − 𝑇௜) =
𝜎൫𝑇௖ସ − 𝑇௣ସ൯
1
𝜀௖
+ 1𝜀௉ேூ௉஺௠
− 1
− ℎ௩௔௣𝐸 
The temperature of the copper cladding is assumed to be equal to the sol-air 
temperature, which approximates the temperature of a material exposed to solar radiation. 
It is calculated using the global irradiance on the surface of the cladding, which is 
determined from the direct normal irradiance hitting the copper cladding at the angle of 
incidence, θi, and direct horizontal irradiance hitting the copper cladding at the surface 
angle, θp (vertical = 90°), which was determined from the TMY3 data used in this 
analysis.  
 
4.3 Sol-Air Temperature Equations 
The angle of incidence on the surface, θi, is defined as the angle between the 
normal to the surface (in this case the cladding) and the line to the sun (Kreider et al., 
2010). Determining the incidence angle begins with determining the equation of time, Et, 
which is a function of the day of the year, n, where January 1 is 1 and December 31 is 
365 (Kreider et al., 2010).  
𝐸௧(min) = 9.87 sin(2𝐵) − 7.53 cos(𝐵) − 1.5 sin(𝐵) 
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where  
𝐵 = (360°) ቀ௡ି଼ଵ
ଷ଺ସ
ቁ. 
TMY3 data presents the standard local time, therefore the solar time, tsol, must be 
determined as follows (Wilcox & Marion, 2008): 
𝑡௦௢௟ = 𝑡௦௧ௗ +
𝐿௦௧ௗ − 𝐿௟௢௖
15°
ℎ𝑟
+
𝐸௧
60 𝑚𝑖𝑛ℎ𝑟
 
where Lstd is the longitude of the time zone and Lloc is the longitude of the location. In 
Phoenix, Lstd is 105° and Lloc is 112°. The angle of declination, δ, can then be determined, 
which is the angle between the line to the sun and the equatorial plane (Kreider et al., 
2010).  
sin(𝛿) = − sin(23.45°) cos ቆ
(360°)(𝑛 + 10)
365.25
ቇ 
The zenith angle, θs, is then found using the latitude, λ, the angle of declination, δ, 
and the hour angle, ω (Kreider et al., 2010).  
sin(𝜃௦) = cos(𝜆) cos(𝛿) cos(𝜔) + sin(𝜆) sin(𝛿) 
𝜔 =
(𝑡௦௢௟ − 12ℎ)(360°)
24ℎ
 
The solar azimuth, φs, is defined as the angle from due south and is used to 
calculate the angle of incidence (Kreider et al., 2010).  
sin(𝜑௦) =
cos(𝛿) sin(𝜔)
sin(𝜃௦)
 
 33 
 
The angle of incidence also depends on the surface azimuth, φp, which in this case is 0° 
for a south-facing wall. Finally, the angle of incidence on a vertical surface is determined 
as follows (Kreider et al., 2010): 
cos(𝜃௜)௩௘௥௧ = sin(𝜃௦) cos (φ௦ − 𝜑௣). 
The total solar radiance on the surface of the cladding also depends on the surface 
tilt angle, θp, which is 90° for a vertical surface; therefore, cos(θp) = 0 (Kreider et al., 
2010). The cladding is elevated above ground by 10 ft, therefore the reflectance from the 
ground is ignored in this analysis. The total irradiation on the copper cladding, IT, is then 
determined using the following equation: 
𝐼் = 𝐼ௗ௜௥ cos(𝜃௜) +
𝐼ௗ௜௙௙
2
 
where 𝐼ௗ௜௥ is the direct normal irradiance from the TMY3 data and 𝐼ௗ௜௙௙ is the diffuse 
horizontal radiation from the TMY3 data. 
The sol-air temperature in terms of the copper cladding is then determined using 
the following equation: 
𝑇௖ = 𝑇௦௢௟ି௔ = 𝑇ஶ + 𝛼𝐼்/ℎ௢ 
where the ambient temperature, Tꝏ, is taken from the TMY3 data and ho is assumed to be 
3 Btu/hr-ft2-°F, which is a common value for an outdoor heat transfer coefficient 
(Holman, 2010; Kreider et al., 2010). According to Kreider et al., evaluation of the sol-air 
temperature for a vertical surface does not require a correction for infrared radiation 
between the sky and the surface.  
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4.4 Air Temperature Equations 
The mass flow from time i = n-1 to i = n is defined as follows: 
?̇?𝑐௣൫𝑇௔,௜ − 𝑇௔,௜ିଵ൯. 
The mass flow rate, as previously mentioned, is defined as 133 kg/h (293 lbm/h), which is 
based on previous research for a ventilated cavity of similar dimensions subject to natural 
convection. The specific heat of air, cp, is defined as 1 kJ/kg-K (0.239 Btu/(lbm-°F) 
(Holman, 2010). The temperature of the air within is assumed to be equal to the ambient 
temperature, as defined by the TMY3 data for that time, until solar radiation strikes the 
surface for one hour such that the next hour bin in the TMY3 data has a rise in 
temperature. When solar radiation ceases to strike the copper cladding, the temperature 
within the air gap is assumed to equal the ambient temperature until the next morning. 
The heat transferred to the air from the copper cladding is used to determine the 
temperature of the air within the gap using the free-convection heat transfer coefficient, 
which depends on the dimensions of the surface from which convection is occurring and 
the temperature of both the copper surface and the air (Holman, 2010). It is assumed that 
the copper cladding is a vertical plane and the air flow is laminar, utilizing the following 
equation for the determination of the free convection heat transfer coefficient: 
ℎ௙௖ = 1.42 ቀ
்೎,೔షభି்ೌ,೔షభ
௅
ቁ
ଵ/ସ
. 
The heat transferred to the air is then defined by the following energy balance: 
?̇?𝑐௣൫𝑇௔,௜ − 𝑇௔,௜ିଵ൯ = ℎ௙௖൫𝑇௖,௜ିଵ − 𝑇௔,௜ିଵ൯. 
The air temperature is then solved for as follows: 
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𝑇௔,௜ = 𝑇௔,௜ିଵ +
௛೑೎൫்೎,೔షభି்ೌ,೔షభ൯
௠̇௖೛
. 
This value of air temperature is used to determine the evaporation rate of water from the 
PNIPAm layer and the heat of vaporization of the water from the PNIPAm layer. The 
evaporation rate also depends on the humidity ratio of the air within the ventilated cavity, 
which is assumed to remain equal to the ambient humidity ratio due to the width of the 
air gap and the movement of air through the gap. 
 
4.5 Heat Transfer Results  
 Due to the heat loss from the PNIPAm layer occurring via latent transfer, it is 
assumed that the polymer temperature is equal to the air temperature within the air gap 
for this analysis. As such, the heat transfer calculations described above result in heat 
removal from the wall. Specifically, based on the evaporation rate of the PNIPAm layer 
and the latent heat of vaporization of water, the heat radiated from the copper cladding is 
completely removed by the evaporation of water from the polymer mat. Over the course 
of the summer in Phoenix, AZ, based on the weather conditions presented in the TMY3 
data, the PNIPAm layer removes 495.9 W/m2 on average, with a maximum of 914.9 
W/m2. The heat absorbed by the PNIPAm layer via radiation is 40.4 W/m2 on average, 
with a maximum of 118.8 W/m2. Theoretically, this large difference could result in a heat 
loss from the indoors to the ventilated cavity.  
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Table 6: Heat Transfer Results for July 16 
Date Time Qrad Qevap Qcond Qrad - Qevap 
(dd/mm/yyyy) (hh:mm) (W/m2) (W/m2) (W/m2) (W/m2) 
7/16/1988 1:00 25.96121726 -584.6424954 0.12 -558.6812782 
7/16/1988 2:00 25.22467534 -552.1380813 0.10 -526.913406 
7/16/1988 3:00 24.89446686 -544.1986178 0.10 -519.3041509 
7/16/1988 4:00 23.79293181 -467.5776925 0.08 -443.7847606 
7/16/1988 5:00 23.47511788 -441.0610305 0.07 -417.5859126 
7/16/1988 6:00 25.21634515 -411.1639235 0.07 -385.9475783 
7/16/1988 7:00 37.10421169 -416.551891 0.07 -379.4476793 
7/16/1988 8:00 37.18378647 -500.8839098 0.10 -463.7001233 
7/16/1988 9:00 31.80804248 -615.5625754 0.13 -583.7545329 
7/16/1988 10:00 44.72742446 -667.2615641 0.14 -622.5341397 
7/16/1988 11:00 58.12661465 -745.6730209 0.17 -687.5464063 
7/16/1988 12:00 67.22261648 -812.2841634 0.18 -745.0615469 
7/16/1988 13:00 71.47000521 -857.0701263 0.20 -785.6001211 
7/16/1988 14:00 67.13796212 -884.1945092 0.21 -817.0565471 
7/16/1988 15:00 58.19039752 -914.9221615 0.23 -856.731764 
7/16/1988 16:00 44.58311611 -914.9221615 0.23 -870.3390454 
7/16/1988 17:00 50.7102671 -910.5757676 0.23 -859.8655005 
7/16/1988 18:00 61.36552773 -914.9221615 0.23 -853.5566338 
7/16/1988 19:00 46.62902757 -884.1945092 0.21 -837.5654817 
7/16/1988 20:00 32.09479964 -804.7738594 0.19 -772.6790598 
7/16/1988 21:00 29.48804765 -743.4360632 0.17 -713.9480155 
7/16/1988 22:00 28.68653196 -700.6954792 0.16 -672.0089473 
7/16/1988 23:00 28.68653196 -700.6954792 0.16 -672.0089473 
7/16/1988 0:00 27.89960684 -648.4447409 0.15 -620.5451341 
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Figure 9: Heat transfer from the PNIPAm layer on the hottest day in Phoenix, AZ from the TMY3 
data, which is July 16 
 
 The heat transfer calculations previously described cannot be balanced with this 
large of a negative value for the heat removed by evaporation. The polymer temperature 
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equal the heat transferred from radiation less the heat transferred from evaporation. Thus, 
it is assumed that the PNIPAm layer removes all the heat that would be transferred by the 
radiation from the copper cladding, thereby removing the cooling load completely at the 
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5. CONCLUSION 
The PNIPAm layer is able to evaporate water from its surface, even with a 
thickness of ¼”, for over 8 hours without completely drying out in high temperatures 
(40°C and 15% RH). Thus, its ability to provide a large amount of cooling for the 
duration of a long, hot day in the desert without direct solar radiation is evident. The 
ability to store water at the surface of the building and release it at a higher evaporation 
rate when more cooling is needed is the key to its success as an evaporative cooling 
medium. As shown in the experiment conducted for 8 hours, the evaporation rate from 
the PNIPAm layer decreases over time; therefore, future analysis of this polymer for 
evaporative cooling applications should consider a longer time frame when calculating 
the evaporation rate. 
Many avenues for improvement of a temperature-responsive PNIPAm layer 
within a ventilated cavity exist, including a stronger and more cyclable hydrogel formula, 
a strategy for hydrating the PNIPAm layer, and more repetition of the climate-specific 
experiments regarding the evaporation rate. Furthermore, a more extensive simulation 
study of the application of the PNIPAm layer could reveal more accurate results as this 
theoretical analysis was very simplified.  
Other applications for building cooling utilizing PNIPAm hydrogels could 
possess the ability to remove even more heat from a building and reduce the cooling load. 
Adding PNIPAm to cooling towers, the underside of solar panels on the roof, and outdoor 
shading systems, to name a few, should be investigated in further research to determine 
the best application for this exceptional material. 
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APPENDIX A 
HUMIDITY CONTROL CODE 
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#include <Wire.h> 
#include "Adafruit_HTU21DF.h" 
// Connect Vin to 3-5VDC 
// Connect GND to ground 
// Connect SCL to I2C clock pin (A5 on UNO) 
// Connect SDA to I2C data pin (A4 on UNO) 
Adafruit_HTU21DF htu = Adafruit_HTU21DF(); 
int atomizationPin = 3 ; 
void setup() { 
  Serial.begin(9600); 
  Serial.println("HTU21D-F test"); 
  if (!htu.begin()) { 
    Serial.println("Couldn't find sensor!"); 
    while (1); 
  } 
} 
void loop() { 
  Serial.print("Temp: ");  
  Serial.print(htu.readTemperature()); 
  Serial.print("\t\tHum: ");  
  Serial.println(htu.readHumidity()); 
  delay(500); 
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 if(htu.readHumidity() < (insert humidity value between 0 and 99 here (%))){ 
  digitalWrite(atomizationPin, HIGH); 
  delay(100000); 
  digitalWrite(atomizationPin, LOW); 
  }  
  delay(1000); 
} 
 
  
